JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. The three most abundant beetle species differed in abundance, recapture rates, pollen loads carried, and behavior at inflorescences. Despite these differences, the effect of a single visit on fruit-set of D. longispatha (the "pollinator effectiveness" of each species) did not vary among the beetle species. The "importance" of each pollinator species, estimated in previous studies from the abundance and effectiveness of each species and determined in this study from examining fruit-sets of inflorescences visited by varying numbers of beetles, was not a positive, linear function of beetle abundance. In 1982, when visitation rate of all beetle species was low, fruit-set was positively correlated with the number of beetles in an inflorescence but "per visit" effectiveness decreased with increasing visitation, resulting in a saturation of fruit-set at 42%. Beetle identity (to species) did not explain a significant proportion of the variance in fruit-set in 1982. In 1983, beetle abundance quadrupled relative to 1982 and fruit-set was positively correlated with beetle numbers up to four, but visitation by more than four beetles resulted in a decrease in fruit-set. A high proportion of Cyclocephala gravis produced higher than predicted fruit-set, while a high proportion of Erioscelis yielded fruit-sets lower than was predicted by total number of beetles. The presence of large numbers of Erioscelis within inflorescences in 1983 and the low fruit-sets of those inflorescences explained the significantly negative slope of the regression for inflorescences visited by more than four beetles. Previous models have predicted saturation of fruit-set with increasing pollinator visitation (as seen in 1982) but have not predicted a significant decline in fruit-set with pollinator abundance. The proportion of the variance in fruit-set explained by beetle abundance was low for both years (2-8%), suggesting that other factors contribute to female reproductive success in Dieffenbachia (i.e., number of potential mates and the distances to potential mates in the population).
INTRODUCTION
The most abundant pollinator is not necessarily the most effective at transferring pollen to nonspecific stigmas (Waser 1979 , Zimmerman 1980 The species is partially self-compatible; selling by hand resulted in less than one-third the number of fruits produced by outcrossing (Young 1986a 
Pollination mechanics
Cyclocephala and Erioscelis move between inflorescences of D. longispatha in the evening. The first beetles arrive at female-phase inflorescences at dusk, between 1800 and 1840. Typically, beetles spend 24 h eating staminodia around the female flowers and mating (if they have the good fortune of the company of a conspecific of the opposite sex). At the end of 24 h, the male flowers of the inflorescence begin to release pollen. At this time, the beetles climb up the spadix, walk over the male flowers, become covered with pollen, and fly off. Beetles depart beginning at 1745 and continue until' 1930. Pollination occurs when a pollenbearing beetle flies to an inflorescence in female phase. In many cases, beetles depart from the inflorescence within minutes of arriving or some time during the night; alternatively they can remain within the inflorescence for several days. Because male flowers are not producing pollen when such beetles depart, they do not acquire a pollen load and do not contribute to male fitness of the plant they leave or to female fitness of the plant they visit next.
Because of the rigid timing of stigmatic receptivity and anther dehiscence in an inflorescence, one estimate of beetle effectiveness is the length of time spent at an inflorescence. I observed single inflorescences for 3-5 h on each of 30 evenings (13 in 1983 and 17 in 1984). As beetles flew into the inflorescences, I recorded the number of each species arriving at an inflorescence. Beetles departing during the observation period were also noted, by species. These inflorescences were then observed the next morning; beetles were removed, marked, and replaced. Any beetles not present in the morning were assumed to have departed during the night.
Pollen loads were obtained from beetles arriving at inflorescences in female phase and beetles departing from inflorescences in male phase during evening observation periods. Arriving beetles were captured just before they entered the inflorescence; departing beetles were captured after they had climbed over the male flowers and were departing. Pollen was scraped from their bodies and mounted on a slide with fuchsin-stained glycerin (Beattie 1971). On slides with <200 pollen grains, all grains were counted. For others, pollen grains were counted in three random transects across the slide under 100 x power. No beetles were sacrificed because they were involved in a mark-recapture study. Thus, I could not use other standard methods for determining total pollen load, such as rinsing the entire beetle in alcohol (Lindsey 1984) . This field technique of removing pollen from pollinators can only be viewed as an estimate of total pollen load due to incomplete removal of all grains. However, similar methods using adhesive tape to remove pollen from hummingbirds (Linhart and Feinsinger 1980) allow comparisons between species. Total pollen loads were estimated as the product of the mean number of pollen grains in three transects and the number of transects on a slide. Individuals of the most common visiting insect taxa (Drosophila, mirid bugs, and nitidulid beetles) were collected as they arrived at inflorescences and placed in 70% alcohol. Both the insects and the alcohol solution were examined microscopically for pollen. 
Pollinator importance
Pollinator importance estimates the effect of pollinator abundance on female reproductive success. Reproductive success is divided into: (1) the probability that each inflorescence is successful (does not abort), (2) the fruit-set of successful inflorescences, and (3) total female reproductive success (fruit-set of all inflorescences, giving aborted inflorescences a fruit-set of zero). I used logistic regression to predict the probability of inflorescence success as a function of number of visiting beetles (probability of success = 1/[l + exp(-a -xiB, -xjB2)]; PROC LOGIST in SAS 1986). Logistic regression predicts the probability of occurrence of categorical data (in this case inflorescence success or abortion) from knowledge of a continuous variable (beetle number). Both linear and quadratic logistic regressions were performed. The P value associated with the quadratic term is a measure of the probability that the quadratic term explains significantly more of the variance of the dependent variable than the linear model, and is used to determine the best-fitting regression equation.
I determined the effect of beetle abundance on fruitset of successful inflorescences by regressing fruit-set on total number of beetles observed visiting the inflorescence. I determined both linear and quadratic regressions for 1982 and 1983 separately. Again, P values associated with terms added to the linear model were used to determine the best-fitting regression model. I investigated the effect of each beetle species on fruit-set by regressing the residual values from the previous best-fitting regression on the proportion of beetles of each species. Functionally, this is equivalent to a multiple regression, with the variation in fruit-set being partitioned into the effect of total number of beetles and the numbers of each species. The beetle numbers were arcsine transformed before analysis. Standardized slopes of these regressions were compared to determine the relative effects of each taxon on fruit-set. Finally, the effect of beetle abundance on total female reproductive success was investigated using regression analyses of beetle numbers on fruit-set of all inflorescences, giving aborted inflorescences a fruit-set of zero. Partitioning the effect of each beetle species was done by analyzing the residual values of this regression.
RESULTS

Differences among beetle species in pollination mechanics
Behavior.-Observations of inflorescences in the evening and the following morning in 1983 and 1984 indicated differences in the length of time Erioscelis and Cyclocephala species spent in inflorescences (Table  1) . Erioscelis were more likely to depart the inflorescence within 30 min after arriving than C. gravis or C. amblyopsis (G = 11.14, P = .004). There were no differences among the species in the proportions that departed during the night or that remained until the morning. Thus, although more Erioscelis departed within several minutes of arriving, the three species were equally likely to remain long enough to remove pollen the following day.
Beetles remaining for an additional 24 h after male flowers released pollen were not effective pollinators because pollen viability was low ( proportion of C. gravis and C. amblyopsis carried Dieffenbachia pollen than did Erioscelis. C. amblyopsis carried significantly more pollen than the other two species. Small pollen loads on Erioscelis can be explained because these beetles frequently left an inflorescence before pollen was released. However, the number of heterospecific pollen grains carried by arriving beetles did not vary among species, probably due to small sample sizes (only nine beetles examined carried foreign pollen). Erioscelis carried close to equal numbers of Dieffenbachia and heterospecific pollen grains, while the two Cyclocephala species had pollen loads dominated by Dieffenbachia pollen. Departing individuals of the two Cvclocephala species carried significantly more pollen than Erioscelis. No pollen was found on the bodies of the three most common nonscarab visitors (13 Drosophila, 29 Hemiptera, and 21 nitidulid beetles). Although these taxa were more likely to be found in inflorescences of D. longispatha than Erioscelis or any species of Cyclocephala, they cannot be referred to as pollinators.
Pollinator effectiveness
Single visits by Erioscelis, C. gravis, and C. amblyopsis resulted in 65%, 52%, and 53% abortion of inflorescences (fruit-set = 0), respectively (Fig. 1) . This variation in abortion rate among species was not significant (x2 = 0.92, df= 1, P = .34). In addition, the fruit-sets of successful inflorescences resulting from one visit ( 
Pollinator importance
Probability of inflorescence success. -The probability that an inflorescence matured to produce fruit was a quadratic function of the total number of visiting beetles (Fig. 2) . Success rate was lowest for inflorescences visited by few beetles and by many beetles; highest probability of success occurred when inflorescences were visited by intermediate numbers of beetles (8-12). Quadratic logistic regressions were better predictors of inflorescence success than linear (the probability values associated with the slopes of the qua- dratic terms for total number of beetles in Table 4A were <.05).
The functional relationship between beetle species and inflorescence success varied among species and years. Over the entire range of values, the abundance of Erioscelis was positively related to the probability of inflorescence success in 1982 and negatively related in 1983 (Fig. 2, Table 4) . In a year when beetles were very abundant (1983), the success rate of inflorescences decreased with increasing numbers of visiting Erioscelis. The abundance of Cyclocephala was a positive predictor of inflorescence success in 1982. In 1983, the probability of inflorescence success increased with Cyclocephala abundance up to six beetles and decreased when inflorescences were visited by more than six Cyclocephala.
A simpler way to look at the data is to examine the number of beetles visiting inflorescences that later aborted or set fruit (Table 4B ). In 1982, successful inflorescences were visited by significantly more beetles than aborted inflorescences. In 1983, successful inflorescences were visited by significantly fewer beetles (total number of beetles and number of Erioscelis), although they had significantly more Cyclocephala visits than aborted inflorescences.
Fruit-set of successful inflorescences. -The regressions of fruit-set (including only successful inflorescences) on total number of visiting beetles (Erioscelis and Cyclocephala combined) showed different relationships between the variables for the two years (Fig.  3) . In 1982, fruit-set was positively related to total number of visiting beetles; in 1983, fruit-set declined with increases in beetle numbers. For both years, quadratic regressions did not explain significantly more of the variation in fruit-set than linear regressions (Table  5) Fig. 2 ; for the quadratic regression to be significantly better than the linear, the P-values associated with both B. and B2 must be <.05. Neither of the logistic regressions with Erioscelis in 1982 is significant; the linear regression is plotted in Fig. 2 In 1983, the regression of the relative abundance of Cyclocephala gravis on the residual fruit-set values of the above regression had a significant positive standardized slope (Table 5) . Increases in the relative abundance of C. gravis within the inflorescence can account for the fruit-set values above the values predicted by the total beetle regression. The regression of the residuals on the proportion of Erioscelis within inflorescences had a significant negative standardized slope. Thus, as Erioscelis became relatively more abundant within inflorescences, their presence explained the fruitsets below the predicted values. The standardized slope of the regression with C. amblyopsis was not significant, and therefore its relative abundance did not explain a significant amount of the residual variance of fruit-set. Thus, for 1983, when the effect of the total numbers of beetles on fruit-set was removed (by the linear regression), the overall effect of increases in proportions of C. gravis on fruit-set was positive and the overall effect of increases in proportions of Erioscelis on fruit-set was negative. Variation in beetle species abundance within flowers clearly contributed to the unexplained portion of the fruit-set variance in the overall regression analysis.
TABLE 4. (A) Linear and quadratic logistic regression equations predicting the probability of inflorescence success as a function of number of beetles visiting inflorescences. Equations are of the form l/[ l + exp(-a -xjB, -xi2B2)]. (B) Mean number of beetles visiting successful and aborting inflorescences. Differences between row means were tested using t tests.
A) Terms in equation
In contrast, analysis of the residual values of fruitset for 1982 showed that relative abundance of each beetle species had no significant effect on female reproduction (Table 5) . No single beetle species explained the variance of fruit-set around the predicted values, which indicates that each species was contributing in the same manner to the predicted fruit-set. In 1982, Erioscelis was not detrimental to fruit-set when its relative abundance was high (any more than the two Cyclocephala species). This is probably because no species was particularly abundant in 1982, when the greatest number of beetles in an inflorescence was 15, in contrast to 1983, when beetle numbers reached 39 in an inflorescence and 66% of all beetles were Erioscelis (42% were Erioscelis in 1982).
Total female reproductive success. -Inflorescences that abort are not contributing to the maternal success of plants possessing them, yet they represent a significant cost to the plant. Total female success is a function of the number of inflorescences aborting as well as the fruit-set of successful inflorescences. Regressions of fruit-set on beetle number that include the zero fruitset of aborted inflorescences revealed an interesting relationship between beetle abundance and Dieffenbachia reproductive success (Fig. 4) . In 1982, a linear regression of log beetle number explained more of the variance in fruit-set than a linear, untransformed model (Table 6A) . Fruit-set increased with beetle number but saturated at a beetle abundance of 12, where the predicted fruit-set is 47%. The per-beetle effectiveness decreased with increasing number of visiting beetles. In 1983, the best-fitting regression was a quadratic regression of log beetle numbers. The per-visit contribution to fruit-set was large and positive for the first four beetles; increases in beetle abundance above four beetles resulted in decreased fruit-set. Both years showed profound deviations from the a priori expectation of a positive linear relationship between pollinator abundance and importance. The y intercepts of the regressions in Fig. 4 are significantly greater than zero, predicting that fruit-set associated with no visitation would be 16 and 20% for 1982 and 1983, respectively. Observed fruit-set from bagged, unvisited inflorescences was 29% (Young 1986a), suggesting that, even in the Fig. 3 . Table 7 for regression equation). absence of beetle visitors, self-pollination may take place.
Again, in partitioning the effect of beetle abundance on fruit-set among beetle species, the relative abundances of C. gravis, C. amblyopsis, and Erioscelis did not explain a significant portion of the residual fruitset values in 1982 (Table 6B) . Thus, all species were contributing in the same functional manner to the asymptotic fruit-set curve in Fig. 4. For 1983 , the relative abundance of C. gravis explained the fruit-sets above those predicted by total beetle number; Erioscelis was significantly related to the fruit-set values below those predicted; and C. amblyopsis did not explain a significant portion of the residual fruit-set val- (Table 7A, Fig. 5 ). Highest fruitset resulted from visitation by six beetles. The regressions of the residuals on the proportion of beetles of each species showed that Erioscelis had a significant negative slope, C. graves had a significant positive slope, and C. ambivopsis had a slope that was not significant (Table 7B) The relationship between beetle abundance and female reproductive success of Dieffenbachia was neither positive nor linear in either year. In 1982, when abundance of all beetles (particularly Erioscelis) was low, all species were positively related to fruit-set, but their effect on fruit-set declined with increasing beetle abundance. In 1983, the relationship between beetle number and fruit-set is positive for inflorescences visited by fewer than four beetles, but fruit-set declines when visitation exceeds four beetles. There are two reasons that such a nonlinear relationship may exist. First, because fruit-set is constrained to level off at 100%, the pervisit effectiveness of pollinators may decrease with increasing abundance, as in 1982 (Gori 1983 Plowright and Hartling (1981) consider this when they predict, through models, the probability of fruit formation or seed-set as functions of pollinator abundance. However, these models do not predict a decline in fruit-set with high pollinator abundance.
A second explanation for the nonlinear relationship is that per-visit effectiveness may be dependent on the number of previous visits, such that increasing pollinator abundance results in cumulative floral damage. Because I have seen only one instance of beetles damaging ovaries of D. longispatha, it is difficult to explain the decrease in fruit-set with increased beetle numbers. Beetles spend 24 h feeding, mating, and walking around the stigmas. In the presence of abundant beetles, these actions may dislodge more ungerminated pollen from stigmas than is deposited (see Gori 1983) , or beetle waste products may accumulate that could reduce pollen germination and thereby cause reduced fruit-set. In addition, foreign pollen grains may accumulate when beetles are abundant, effectively blocking the stigmatic surface. The phenomenon of pollinators being detrimental at high densities may be especially likely in plant species that offer an enclosed chamber where pollinators remain for relatively long periods.
These results lend quantitative support to earlier qualitative evidence of density-dependent pollinator effects. Prance and Arias (1975) 
